Abstract-Energy consumption and hardware cost of signal digitization together with the management of the resulting data volume form serious issues for high-rate measurement systems with multiple sensors. Switching to binary sensing front-ends results in resource-efficient systems but is commonly associated with significant distortion due to the nonlinear signal acquisition. In particular, for applications that require to solve high-resolution processing tasks under extreme conditions, it is a widely held belief that low-complexity 1-bit analog-to-digital conversion leads to unacceptable performance degradation. In the Big Science context of radio astronomy, we propose a telescope architecture based on simplistic binary sampling, precise hardware-aware probabilistic modeling, and advanced statistical data processing. We sketch the main principles, system blocks and advantages of such a radio telescope system which we refer to as The Massive Binary Radio Lenses. The open engineering science questions which have to be answered before building a physical prototype are outlined. We set sail for the academic technology study by deriving an algorithm for interferometric imaging from binary radio array measurements. Without bias, the method aims at extracting the full discriminative information about the spatial power distribution embedded in a binary sensor data stream. We use radio measurements obtained with the LOFAR telescope to test the developed imaging technique and present visual and quantitative results. These assessments shed light on the fact that binary radio telescopes are suited for surveying the universe.
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I. INTRODUCTION
Using a large number of small antennas and synthetic aperture methods [1] , [2] to reconstruct the radio image produced by electromagnetic emissions of celestial objects [3] , [4] has, in recent years, become state-of-the-art in the design of low-frequency radio astronomy systems, see, e.g., [5] - [7] . In contrast to traditional systems with a few large dishes, e.g., [8] , which are costly to move and maintain, such large-scale radio array architectures offer faster surveying speed, higher sensitivity and resolution, and a more flexible system design that can continuously be updated with new chip technology and software. In particular, this holds for alldigital architectures where each antenna features a dedicated receive path with numerical output, such that algorithms can have access to the raw measurement data stream of each radio sensor. The low-band antennas (LBA) of the LowFrequency Array (LOFAR) radio telescope system [5] , [6] ,
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which have been in operation in the European Union since the year 2010, represent a milestone in this development and mark the completion of a design paradigm shift towards alldigital system architectures in modern low-frequency radio astronomy. While LOFAR features approximately 5000 LBAs, already new systems with about 100 000 antennas, like the low-frequency receiver of the Square Kilometre Array (SKA-LOW) are under development [7] . For such large-scale alldigital arrays, energy consumption and hardware cost of the receive paths, as well as the size of the generated measurement data, become factors that limit the viable number of sensing devices and their proliferation. At the same time, plans are being made for all-digital antenna arrays in space, see, e.g., [9] and the references therein. Then the deployment location of the radio measurement equipment imposes stringent constraints on the available energy and hardware resources as well as the data communication rates. So the principles for the design of future radio telescope systems, which can collect, combine, and process the observations of millions of digital devices on Earth and in space, form open and urgent research questions.
A. Approach -Resource-Efficient Binary Sensing Technology
An option that minimizes the circuit complexity of the individual receive path and the size of the resulting measurement data stream, is the use of low-complexity 1-bit analog-todigital (A/D) conversion where the A/D converters associated with each antenna are realized by a single symmetric comparator. In contrast to Σ∆-modulation [10] - [13] , the comparator comes without error feedback loop and is operated at moderate oversampling factors [14] . The resulting raw sensor data stream features a single bit per sample and exclusively preserves the information about the sign of the analog sensor signals. Low-level processing in digital computation units, e.g., correlation of the different sensor streams, can then be performed efficiently by binary arithmetics. Nevertheless, switching to binary sensing and data processing is associated with a significant loss in performance. It is a common belief that for challenging data processing applications with highperformance requirements, like radio astronomy, 1-bit A/D conversion leads to an unacceptable degradation of the sensing performance. Fortunately, the measurement principle of interferometry is based on the physical time-offsets of the faint signal reception at the sensors. The sampling distortion of the individual device is then not of decisive importance for the sensitivity and spatial resolution achieved when merging the full time-offset information embedded in the data to one radio image. Numerical signal acquisition with high A/D resolution, however, allocates most of the available resources to digitizing the uninformative amplitude of the measurement noise.
B. Technology Vision -Massive Binary Radio Telescopes
We propose a radio telescope architecture that aims to engrave the maximum amount of information about the astronomical phenomena into the measurement data volume while minimizing digitization resource dissipation. Therefore, the resolution of the data acquisition is set to a single bit. Under technology available today, binary sensing enables the use of a massive number of widely distributed digital sensors and storing the raw, high-rate binary measurements without temporal, spectral and spatial compression. The raw data of all sensors can be made accessible to supercomputers, enabling to virtualize a highly flexible radio telescope with arbitrarily scalable collecting area and proliferation. Using computing power, astronomy groups in parallel extract the temporal, spectral, and spatial information required for their specific survey from the stored measurements. The physical observation instrument is in operation only once for acquiring and storing the radio data for a large number of science cases.
Key to such a progressive scientific platform is the transfer of theoretic advances within the field of hardware-aware probabilistic signal modeling and statistical data processing [15] , [16] to the practical design of all-digital radio telescope systems. As a firm orientation point for this challenging endeavor, the envisaged physical system is defined by sketching the architecture and components of a radio telescope which we refer to as The Massive Binary Radio Lenses. We outline the main properties and advantages of such a measurement system together with the open engineering science questions.
C. Contribution -Binary Radio Interferometric Imaging
To demonstrate the potential, a statistical processing method which retrieves the interferometric image from binary sensor measurements is derived. The technique is developed along Fisher's principle of maximum-likelihood, which for a given data stream of sufficient size extracts all information about the probabilistic model parameters without biasing prior. For multivariate binary data, the required likelihood function is computationally intractable, forcing to switch to an auxiliary data model of reduced statistical complexity [15] . This way, a tractable interferometric technique exploiting the spatial correlation structure of the binary array data is obtained. Under Fisher's notion of information, we provide a quantitative measure characterizing the interferometric capabilities of binary telescope systems. Algorithms are tested by reconstructing allsky images with radio measurements from LOFAR stations. To this end, calibrated 64-bit LOFAR datasets are hardlimited. The results produced with the 64-bit data are visually compared to the interferometric images reconstructed from the binary radio measurements. Further, we illustrate the imaging uncertainty under both approaches. These experimental and analytical results show that 1-bit interferometric imaging is possible when probabilistic modeling of the nonlinear and noisy signal acquisition chain is accomplished, and the sensor data is processed with likelihood-oriented statistical techniques. Further, the analysis demonstrates that doubling the observation time or the number of sensors is sufficient to compensate for the loss of the 1-bit signal acquisition.
II. THE MASSIVE BINARY RADIO LENSES
The Massive Binary Radio Lenses consist of M S ∈ N telescope stations with M A ∈ N small radio antennas, where the total amount of radio sensors M = M S M A and their proliferation are as large as possible. The antennas perform synchronized digital signal acquisition with a spectral bandwidth of B Y ∈ R, B Y > 0, and store the binary version of the unprocessed radio measurements. The data recorded is archived and made available to supercomputers worldwide. Here the high-resolution information required for diverse surveys is extracted using the binary data streams of all sensors.
Such a binary telescope architecture follows from basic considerations which we outline in the following together with the main building blocks and advantages. We conclude this first section by naming the open engineering science questions surrounding the envisioned telescope technology.
A. Fundamental Technical Considerations a) Maximizing Sensitivity and Spatial Resolution: The measurement sensitivity and spatial resolution of digital radio telescopes are determined by the collecting area and the spread of the sensors. A modern system architect aligns the entire telescope design according to these performance laws. The focus is on maximizing the flow of discriminative information from the physical input to the final numerical output algorithm.
b) Adaptation to the Prevailing Technology Process: The progress of different technologies takes place at different speeds, for some it is more likely that one might soon reach physical feasibility limits than for others. A modern scientific system design relies as far as possible on those technologies with the fastest evolution and most significant room for further improvement. For decades, we have seen an exponential increase in digital computing power [17] . Concerns that this quick development, referred to as Moore's law, could soon end [18] are contrasted by the development of new information processing concepts inspired by quantum physics [19] or living cells [20] . In particular, for digital storage, technical limits seem far from being exhausted, see, e.g., [21] . The situation is different when it comes to converting analog sensor signals into numerical measurement data. Fig. 1a shows the energy presented in the years 2011-2018 is depicted. It can be observed that the progress for A/D conversion technology featuring high amplitude resolution has stagnated in the last twenty years. Significant improvements were achieved for low amplitude resolution, but the speed of this development is slower than Moore's estimate of four orders of magnitude technology improvement over twenty years. Fig. 1 also shows that adding one bit to the effective A/D resolution at least doubles the digitization complexity. Therefore, from today's perspective, the components of a modern telescope should be predominantly realized through digital processing and storage technologies. For the conversion of sensor signals into numerical measurement data, the A/D amplitude resolution is to be minimized to adjust the development speed of analog components to the evolution of digital modules. c) Precise Physical and Hardware-aware Modeling: Radio astronomy aims to observe unknown physical phenomena in the universe. Each survey has its focus on specific quantities. We summarize these by θ phy ∈ R Dphy . The observations are influenced by additional physical effects which define the propagation medium or radio interference but are not the primary focus of the scientific survey. These are summarized here by θ med ∈ R Dmed . Finally, the electromagnetic sensing instruments also exhibit unknown properties influencing the measurements. These parameters are denoted as θ inst ∈ R Dinst . By preliminary investigations and experiments, it is possible to obtain certain prior knowledge about θ med and θ inst , which can be modeled by known distribution functions
Since θ phy represents physical quantities to be investigated in an unbiased manner, the introduction of prior knowledge
appears to be scientifically debatable. Of undisputed importance is to characterize the precise probabilistic relationship
between the numerical measurements Y ∈ Y and the physical parameters
Such a probabilistic model can be derived through physical and technical reasoning along with experimental verification, or it can be learned automatically utilizing large calibrated datasets. Since radio astronomy aims to observe unknown phenomena, a learning-based approach is challenging to implement due to the lack of labeled data. Consequently, probabilistic radio telescope technology is centered around the precise characterization of the model (3) while the system architects strive to keep the measurement instruments as simple as possible. d) Aiming for Consistent Data Processing: Since fundamental scientific conclusions are to be drawn from astronomical surveys, it is required to ensure consistency. Assuming an ideal system (3), i.e., θ = θ phy , consistency implies that the knowledgeθ(Y ) ∈ R D extracted from the measurements Y converges in probability towards reality θ t as the amount of informative sensor data increases. It is advantageous if the estimatesθ(Y ) follow a gentle probability distribution of known structureθ ∼ pθ(θ) centered at reality θ t . Given sufficiently large data Y , an algorithmic method featuring such characteristics is the maximum-likelihood estimator (MLE)
with the root of the score function
as its solution. In the large sample regime, the MLE follows a Gaussian distribution with mean θ t and covariance matrix
where F Y (θ) is Fisher's information matrix
of the probabilistic system model (3). It is well established by classical arguments of Cramér and Rao that (7) forms the performance limit for unbiased parameter estimation, i.e., the error covariance of a digital processing unit which produces knowledgeθ(Y ) centered around reality θ t will always dominate the inverse of Fisher's information matrix (8) .
With a large number of parameters D, the probabilistic model (3) might present itself as non-identifiable such that θ cannot be extracted unambiguously through (5) . In such a case, one might be tempted to incorporate regularizing prior knowledge (2). Scientific telescope technology, however, will try to avoid to deviate from the principle of unbiasedness and first concentrate on changing the instruments in such a way that the desired D phy survey parameters θ phy can be identified without potentially biasing prior. An approach to push the probabilistic structure of the radio telescope system (3) towards identifiability is to reduce the complexity of the sensing front-ends and to invest the saved resources in a larger number of antennas and the extension of their proliferation.
B. Basic Telescope Building Blocks -Station
Based on these considerations, the stations of The Massive Binary Radio Lenses are equipped with the following: a) Low-Complexity Sensing Front-ends: The M A station antennas are designed to receive with a one-sided spectral bandwidth B Y . Each sensor features separate analog outputs. A/D converters are realized by symmetric comparators which operate with coordinated clock and sampling rate f Y ∈ R, f Y > 0. Alternatively, the measurements Y acquired with conventional high-resolution A/D converters are hard-limited
The probabilistic response of the antenna elements, the analog pre-processing chain and the signal binarization process (9)
is available as function of all unknown system parameters (4).
b) Precise Synchronization and Positioning:
The M S stations are equipped with a precise temporal synchronization and spatial positioning mechanism to a joint coordinate system. This is achieved using GNSS receivers and atomic clocks. Alternatively, one binarizes the analog outputs of GNSS sensors to form additional synchronized data streams from which the telescope station position in time and space can be extracted. The relative positioning of the sensors within each station is precisely established during the installation of the equipment or through transmitters close to the stations. c) Large Binary Data Storage: Each radio telescope station is equipped with fast and large digital memory. For an assessment on the writing capabilities and size of the storage, let us assume M A = 512 analog outputs, which corresponds to 256 dual-polarized low-frequency antennas. The observation bandwidth is B Y = 250 MHz while the sampling takes place at Nyquist rate, i.e., f Y = 2B Y . Thus each of the radio telescope stations produces a binary measurement stream with a rate of
Assuming that each station can store 1024 TB of data,
of radio measurements are available, such that more than one third of the full uncompressed radio sky, as seen by each of the M radio antennas, can be made available to computers. Downlink transmission of the data with a 10 Gbit/s link, would take 227,5 h which are less than ten days. For a recent discussion and time perspective on storage-based radio astronomy systems with high A/D resolution, we refer to [23] .
C. Basic Telescope Software Modules -Supercomputer
The supercomputers of The Massive Binary Radio Lenses have access to the distributed binary storage through data networks or wireless links. The storage-based telescope system architecture enables to dynamically adjust the data communication rates to the network or the wireless capabilities. The supercomputers perform the following digital data processing tasks with layered and iterative approaches: a) Massive Binary Low-Level Processing: The binary radio data is preprocessed in the probabilistic notion of sufficient statistics. We will see that under a tractable representation of (10), for consistent interferometric imaging, this implies the pairwise correlation among all M binary sensor streams. Such low-level computations can be performed efficiently at massive scale through binary operations on optimized hardware. b) Local and Global Instrument Calibration: Calibration for station-specific parameters θ inst like local offsets from the synchronization frame or attenuations of individual receive paths can be performed with the binary measurements from single telescope stations and potential prior knowledge (1) . Calibration for global effects, like changes of the propagation medium parameters θ med , can be performed by using the binary data from a proper subset of stations. Note that distributed calibration for local effects helps to reduce the processing overhead at the supercomputers. Distributed radio transmitters can be used to improve the knowledge on (1). c) Local and Global RFI Identification: Radio frequency interference (RFI) on local and global level is identified from the binary data streams and the available priors (1). The temporal, spectral, and spatial parameters in θ med characterizing the RFI are precisely estimated from the binary radio measurements. Local RFI identification can be performed at the stations to reduce the processing overhead at the supercomputers. Note that certain radio telescope stations can be located close to common sources of RFI to improve the discriminative information on θ med in the binary data stream.
d) Request-specific High-Performance Data Processing: The temporal, spectral, and spatial parameters θ phy of the physical phenomena of interest are extracted from the binary measurements of all telescope stations. Locally calculated low-accuracy solutions from the stations help to initialize algorithms at the supercomputers. The extraction of θ phy is performed such that the knowledge (1) about the instrument and the propagation medium is taken into account. As a result, variations in the instrument hardware and the propagation medium are in probabilistic radio astronomy natural parts of (3). In the classical deterministic perspective on radio astronomy, RFI is considered disruptive such that measurement instruments are installed in remote radio quiet zones while contaminated measurements are discarded. In probabilistic radio telescope systems, each signal sample carries some discriminative information about the parameters θ. Due to consistency, there are no processing artifacts caused by the measurement instruments, propagation effects, or RFI. The concerns in hardware-aware probabilistic telescope design are that, under limited resources, the physical-numerical model (3) of the signal acquisition apparatus is precise, identifiable, and maximally informative for serving all science cases.
D. Scientific, Technical, and Institutional Advantages
Massive binary radio telescope architectures have several advantages on a scientific, technical, and institutional level: a) Low Investment/Operation Costs and Scaleability: Due to the simple radio equipment and the focus on digital storage and data processing technologies, the initial investment costs are low. The number of stations can be extended successively while digital infrastructure can be provided on demand by third parties. The operating costs for the radio telescope are small as energy dissipation at the front-ends is minimum, and the digital components quickly gain efficiency through the exponential technological progress. Besides, the radio instruments only need to be operated once to acquire the measurement data for a large variety of astronomical surveys.
b) Fast and Flexible Astronomical Observations: Due to the storage-based telescope technology, all scientists have access to a highly sensitive and flexible observation instrument and can conduct surveys without waiting. Scientific progress is rather limited by mental and algorithmic capacity than by institutional funds. The short operating time of the observation instruments for a large number of science cases frees surveying resources, for example, for event-triggered measurement campaigns. The review overhead for applications requesting individual observation time on the instrument is eliminated. c) Progressive and Open Science: Due to the last aspect, unconventional observation approaches of young scientists can be implemented without anticipated assessment by superior colleagues or delay due to institutional preferences. The stored radio measurement data streams enable end-to-end reproducibility and in-depth validation with alternative algorithmic approaches. For verification purposes, the layout of the individual telescope stations can be deliberately designed differently while arbitrary parts of the binary sensor data stream can be flexibly excluded from the actual investigation.
d) Technology Transfer and Interdisciplinary Dialog: The proposed system architecture is in line with recent advances in binary sensing and data processing, which have mass-market applications, see, e.g., [24] - [36] . The research institutions involved in the development, implementation, and operation of a binary radio telescope find themselves at the forefront of this innovation. It is, therefore, attractive for them to educate and employ engineering talents to drive the technology transfer from scientific systems to consumer markets. Revenue from intellectual property licensing and technology consulting can be used to promote high-risk high-reward research in radio astronomy, sensor system engineering, and statistical data processing. Further, patent rights held by public institutions constitute a control mechanism for the responsible use of advanced sensor and data processing technologies.
Establishing a functional massive binary telescope system represents a grand challenge. It can only be mastered in an open and solution-oriented dialogue taking place in protected research environments characterized by flat and encouraging hierarchies which are committed to ethical leadership in research and education. The discourse forces interdisciplinary cooperation between the complementary areas of physics, mathematics, computer science, and engineering science. Common understanding between these fields and a joint lighthouse project lead to innovative and unified scientific approaches and advanced educational strategies while strengthening the work culture within the involved institutions.
E. Open Engineering Science Questions
While the advantages of a binary telescope are far-reaching, such a sensing architecture also raises several scientific and technical questions. It will be impossible to answer all of them by one research team. We invite to collaborate and contribute to an open and respectful discussion which is centered around rigorous scientific arguments and rests on the mutual interest to advance science and technology. To organize the discourse and ensure efficient allocation of research resources, we disclose the aspects which have our attention during the early studies: a) High-Performance Binary Data Processing: The main question is how to extract the spatial, spectral, and temporal information θ needed for the astronomical survey from the binary radio measurements. It can be doubted that binary interferometric data still contains any information about θ. In the second part of this article, we achieve a first step in the opposite direction. We show that the spatial power distribution can be recovered from highly nonlinear 1-bit measurements. To this end, we formulate the hardware-aware probabilistic model (10) under simplifying assumptions and iteratively perform the consistent extraction of interferometric information from binary data. That such a systematic approach captures the effects relevant in practice, is corroborated by image reconstruction results obtained with 1-bit LOFAR data. b) Radio Frequency Identification and Mitigation: Terrestrial RFI forms a challenge when observing weak electromagnetic emission from celestial objects. This is equally true for binary sensing architectures with a highly nonlinear and probabilistic response. The possibility to use a significantly larger number of radio sensors through the simplified equipment and having at hand a precise hardware-aware probabilistic model (3), however, enables advanced spatial and nonlinear processing. The interferometric capability of binary arrays under RFI is an open question which we will address. c) Performance and Cost Models: A large-scale binary radio telescope achieves digital signal acquisition at low complexity and generates sensor data streams with dense discriminative information which can be processed efficiently. For mathematically optimizing the system design of a physical massive binary telescope, it is crucial to derive and verify models for the final output performance and the resource costs associated with different system levels. Through such analytic models, it will be possible to define a telescope architecture featuring the right number of antennas, measurement bandwidths, sampling rates, and digital processing strategies.
III. BINARY RADIO INTERFEROMETRIC IMAGING
To provide a first proof of concept for the technology vision of The Massive Binary Radio Lenses, we derive an interferometric imaging technique which is capable of extracting the spatial power distribution from 1-bit sensor measurements. We perform hardware-aware probabilistic modeling of the signal acquisition and the binary digitization process. Further, we derive an iterative algorithm to solve the image reconstruction task by consistently approximating the MLE algorithm (5) . For the presented algorithm, we provide the guaranteed interferometric imaging performance level in the form of (7).
A. Analog Signal Acquisition Model
We consider a calibrated telescope station with M A analog sensor signalsy m (t) ∈ R, t ∈ R. The m-th output consist of a superposition of D s ∈ N wide-band radio sourcesx
with individual signal strength parameters θ d ∈ R, θ d > 0, and D s time-offsets τ d,m ∈ R. The signal at each sensor is distorted by independent additive measurement noiseη m (t) ∈ R. Each of the sources consists of two orthogonal components
x I,d (t),x Q,d (t) ∈ R, centered at frequency ω d ∈ R. Both signal components in (14) are considered to be zero-mean wide-sense stationary Gaussian processes. Here each of the M A received signals (13) is band-pass filtered with orthogonal versions of the prototype h(t; B, ω) ∈ R to obtain K output channels (radio frequency binning), where the k-th channel is
m (t) ∈ R, with one-sided bandwidth B y ∈ R and center frequency ω (k) ∈ R. Note, thatȗ(t) stands for an analog wideband signal while u(t) denotes its narrow-band version after filtering. Each channel is divided into two real-valued signals
Q,m (t) ∈ R, by multiplying with sinusoids of frequency ω (k) (demodulation). In the following, we omit the channel superscript k and only consider the two outputs for one of the K radio frequency bands. With narrow-band source components x I,d (t), x Q,d (t) ∈ R and a sufficiently small proliferation of the M A radio sensors, one can approximate
Therefore, after removing modulation products by low-pass filtering, the real-valued in-phase sensor output
and the quadrature sensor output
are obtained.
B. Data Model for Ideal All-Digital Radio Telescopes
Assuming ∞-bit A/D converters, a sample of all antennas
has the structure
with the array steering matrix
featuring the sub-matrices
and
while the d-th source's delay profile is denoted as
the d-th source signal as
and the sensor noise samples as
Assuming that x I,d (t) and x Q,d (t) are jointly independent and of unit variance, mutual antenna coupling can be neglected, ideal filters are employed and sampling is conducted at Nyquist rate (f s = 2B y ), the covariance matrix
R y (θ) ∈ R 2MA×2MA , of the digital sensor array signal (21) is
, where θ 0 ∈ R, θ 0 > 0, denotes the power level of the spatially white measurement noise. Assuming that the delay profile (23) for each source is known, the D = D s + 1 probabilistic model parameters are
For notational convenience, we introduce a vectorized version of the received array covariance matrix (27) 
A , with the matrix
containing the array steering vectors
During signal acquisition N ∈ N samples (20) are collected
which independently follow the Gaussian distribution
C. Statistical Interferometric Imaging with ∞-bit Data
With the data (32) and the model (33), the MLE iŝ
ln p y (y n ; θ)
with the empirical received covariance matrix
R y (Y ) ∈ R 2MA×2MA . The solution of the optimization problem (34) , is the root of the score function (6), which can be found by Fisher's scoring method [37] . With this algorithmic approach, in the i-th of I ∈ N iterations, one calculateŝ
with the update term
being characterized by the Fisher information matrix
and the score function of the probabilistic data model (32)
S y (y n ; θ).
The scoring iterations (36) converge quickly to the solution of the MLE (34) while back-projection after each iteration (36)
with θ ∆ > 0, ensures that the estimates satisfyθ ∈ Θ. The Fisher information matrix (8) of a multivariate Gaussian model (33) with the covariance structure (27) is
and the score function
where we used
under the definition
Therefore, substituting (38) with (41) while using (42) in the update expression (37) , results in the scoring update term
D. Data Model for Binary Radio Telescopes
In the following, we consider a binary sensing system which observes the array measurements (20) after hard-limiting
where sign (·) is the element-wise signum function
The resulting dataset
mimics the measurements of a radio telescope which employs low-complexity 1-bit analog-to-digital conversion. As the variance of the individual inputs to the quantizer (47) can not be resolved from its outputs, one can reduce the parameter vector
and set the sensor noise variance to a fixed value, e.g., θ 0 = 1. This removes the problem of having to estimate the noise level. Consequently, the received covariance (27) takes the structure
For convenience, we define a received correlation matrix
, where, for a square matrix U , diag (U ) returns the matrix with off-diagonal values switched to zero.
E. Statistical Interferometric Imaging with 1-bit Data
For performing radio interferometric imaging with the 1-bit data (49) and scoring (36) , the Fisher information matrix
of the multivariate binary model p z (z; θ), characterizing the output data of the hard-limiter (47), are required. Providing exact formulations is computationally intractable as multivariate binary distributions, in general, exhibit an exponentially large number of sufficient statistics [38] . However, a conceptual probabilistic observation that turns out useful, is that multivariate distributions of binary sampled signals belong to the exponential family [15] . Like the multivariate Gaussian data model (33) , their probabilistic model admits the factorization
where β(θ) : R D → R C are the statistical parameters, φ(z) : B 2MA → R C the sufficient statistics, λ(θ) : R D → R the log-normalizer and ν(z) : B 2MA → R the carrier measure. This can be exploited by formulating an auxiliary model of the form (55) for which the number C and form of the statistics
are user-defined. On these specific statistics the auxiliary modelp z (z; θ) features the same mean and covariance matrix
, like the exact model p z (z; θ). Such an auxiliary likelihood framework, admits the score [15] 
and the Fisher information matrix
Therefore, through a suitable choice of (56), it becomes possible to control statistical complexity and perform iterationŝ
with the update
where the empirical mean of (56) is defined bŷ
µ φ (Z) ∈ R C . The iterations (61) converge to the solution of the maximization problem (34) defined on the basis of the auxiliary likelihoodp Z (Z; θ). This interferometric imaging solution is guaranteed to be consistent and for a sufficiently large number of independent array snapshots N reaches [15] 
Due to the conservative nature of the information matrix (60)
expression (65) can not overestimate the interferometric capabilities of the exact binary observation data model p Z (Z; θ). For binary array processing with zero-mean Gaussian sensor signals, the particular choice [40] 
with Φ ∈ {0, 1} C×4M 2 A being an elimination matrix canceling duplicate and constant statistics on the outer product zz T , leads to analytically tractable expressions for (57) and (58) while complexity grows quadratic C = 2M 
and imply to pairwise correlate all binary sensor outputs with each other. Defining the covariance of the quantized array
, and using the arc-sine law [39, p. 284]
the mean value of the statistics (67) is
Further, the derivative
is found by considering that its d-th column is
with the matrix entries
while the diagonal entries vanish, i.e.,
With the correlation matrix (52), we obtain
The numerical evaluation of the covariance matrix (58) with the specific statistics (67) is achieved [40] by using the arc-sine law (70) and the quadrivariate orthant probabilities [41] .
F. Connection to the Van Vleck Correction
The idea of using quantized data for interferometry is not new, see, e.g., [42, pp. 254] . The standard approach is to apply so-called Van Vleck corrections, see, e.g., [43] . There, through the inverse of the arc-sine law (70), one transforms the elements of (68) independently from each other with the goal to obtain the unquantized empirical covariance (35) . Then one works under the assumption of an ideal ∞-bit digital signal acquisition and, therefore, within the convenient Gaussian framework (33) . The issue is that (70) is an analytical relationship connecting the asymptotic covariances (26) and (69). The elements of the empirical covariances (35) and (68) with a finite number of samples N , however, deviate randomly from their asymptotic versions. Further, the elements in (35) and (68) have specific dependencies. Therefore, applying element-wise corrections on (68) introduces nonlinear random effects which are challenging to characterize. As such, the Van Vleck corrections cause an additional loss of information and potential bias. The impact on the interferometric image is not apparent. The likelihood-oriented technique employed here addresses the task of processing the 1-bit sensor data differently. Solving the multivariate binary MLE, the approach exploits the complete covariance structure (51) before the coarse quantizer. A computationally tractable and iterative imaging solution is obtained through the score function and the Fisher information matrix of the multivariate binary data model of the hard-limiter output (47). Using all empirical elements in (68) jointly, this enables finding an estimate for the weights of the linear combination (51), which is guaranteed to be consistent and attains a specific performance level. As a result, the effect of quantizing the measurements onto the interferometric imaging solution can be determined precisely.
IV. RADIO IMAGE RECONSTRUCTION WITH LOFAR DATA
To evaluate and visualize the potential of the derived binary interferometric method under real-word conditions, we use data from the LOFAR radio telescope. The goal is to produce an all-sky radio image with a height and width of 100 pixels which translates to D s = 7668 sources. With the considered array configurations such a setting leads to a non-identifiable model (3). Therefore, we solve the interferometric image reconstruction by using a smaller number of signal sources and generating the final all-sky image by linear interpolation.
A. LOFAR Dataset 1 -CS302 Station
The first dataset is from the LOFAR station CS302 with M A = 47 active single-polarized LBA antennas. Fig. 2 depicts the placement of the radio sensors on the plane. The time-delay profile (23) associated with sources from different directions can be deduced from the positions of the antennas [2] , such that the sensor locations define the received covariance structure (27) . The LOFAR sensor data streams were obtained by sampling the wide-band signal (13) at each element with a 12-bit A/D converter and using demodulation, filtering, and decimation to implement (15) and (16) to the data such that the final radio measurements have 64-bit floating-point precision. The considered data can be interpreted as the digital sensor outputs (20) of an ideal narrowband radio telescope with a two-sided receive bandwidth of 2B y = 763 Hz, centered at approximately 44,48 MHz, and zero-IF front-ends where at each antenna two A/D converters with 64-bit resolution sample the in-phase (18) and quadrature outputs (19) at Nyquist rate. The data for each antenna consists of two real-valued channels with N = 58 073 samples which corresponds to an observation duration of about T 0 = 76 s. For back-projection (40), we set θ ∆ = −80 dB while using the current noise estimateθ (36) and 64-bit LOFAR radio data, we initialize the noise power estimate bŷ
and the source power estimates byθ
The imaging result with the D s = 441 source power levels (corresponds to 25 pixels) and I = 10 iterations is depicted in Fig. 3a after normalizing with the final noise power estimateθ 0 . For mimicking the sensor data stream of a radio telescope with 1-bit A/D conversion at the sensors, we hard-limit the LOFAR dataset according to (9) . The estimates of the D s = 441 source power levels after I = 10 scoring iterations are depicted in Fig. 3b . Note, that for the binary telescope system θ 0 = 1 such that normalization of the estimatesθ does not have to be applied. While the two likelihood-oriented algorithms (36) and (61) produce slightly different results for the spatial power distribution, the difference can hardly be noticed by visual inspection. Fig. 4a and Fig. 4b show the all-sky images after interpolation. Note, that Fig. 4a is produced with data which is 64 times larger than the binary sensor measurements used for reconstructing the radio interferometric image in Fig. 4b . As a visual comparison to iterative methods, in Fig. 5a and Fig. 5b , we show the non-iterative beam-forming solutionŝ
with D s = 7668 after normalization of the outputs according to (77). Also here the difference between the radio image reconstructed from the high-resolution and the binary data is hardly visible. In comparison to the iterative likelihoodoriented methods (36) and (61), it is observed that with a noniterative technique it is not possible to separate the spatially white measurement noise from the source signals and to produce a consistent estimate of the power distribution. Although beam-forming here uses D s = 7668 steering directions, the spatial resolution, in comparison to the linearly interpolated results in Fig. 4a and Fig. 4b , does not increase. Also, the array pattern is visible as a digital processing artifact. To assess the interferometric imaging capabilities under both signal acquisitions in a quantitative manner, we consider a situation where emissions from D s = 441 directions are received by CS302 with equal power θ d,qual = −30 dB, ∀d. For this setting we calculate the element-wise normalized squareroot of the diagonal of the inverse Fisher information matrix with diagvec (U ) returning the vectorized diagonal of a square matrix U and ./ being an element-wise division. This provides an analytic measure for the relative standard deviation of the estimates when performing interferometric processing with (36) and (61) on a large number of independent radio datasets. In Fig. 6a and Fig. 6b , it can be observed that the average relative imaging uncertainty of the 64-bit LOFAR station is 14,47 % while the 1-bit telescope operates at an average uncertainty level of 22,92 % with a similar spatial performance structure. From Fig. 6 it becomes obvious that hard-limiting the LOFAR radio measurements significantly increases the variance of the spatial power estimates. To recover this loss in interferometric imaging performance, one can increase the observation time T 0 of the binary system by 
B. LOFAR Dataset 2 -AARTFAAC Stations
As a second dataset, radio measurements from the Amsterdam-ASTRON Radio Transients Facility and Analysis Center (AARTFAAC) all-sky monitor are considered. The measurements include radio sensor data from M S = 3 LOFAR telescope stations, each with M A = 46 active single-polarized LBAs. Fig. 7 shows the spatial arrangement of the three considered LOFAR stations and the M = 138 sensor elements. CS302. Fig. 8 shows the all-sky images obtained when using the measurement data of each telescope station individually while assuming D s = 441 astronomical sources (25 pixels).
Comparing the results obtained with the 64-bit and the 1-bit radio data, hardly any difference can be observed. Fig. 9 shows the six corresponding interferometric uncertainty maps. Like for the CS302 radio telescope station, the standard deviation of the imaging algorithm with hard-limited data increases by a factor of 1.58. Therefore, also here the 1-bit signal acquisition loss can be compensated by increasing T 0 by factor 2.5.
To analyze the effect of increasing the number of binary radio sensors, Fig. 10 depicts all-sky images when using station S1 and station S2 jointly to form an interferometric array with M = 92 elements. Fig. 11 shows the corresponding imaging uncertainty, where the variance of the D s = 441 electromagnetic power estimates drops significantly. The binary telescope with M = 92 antennas outperforms all three 64-bit stations with M = 46 elements, although the measurement data volume is by a factor 32 smaller. These results confirm that reducing the A/D resolution to 1-bit and doubling the number of receivers is an effective method to obtain highperformance low-complexity sensing architectures [16] . Fig. 12 shows the all-sky images when using the radio measurements of all three LOFAR stations jointly (M = 138) to resolve D s = 441 source power levels, while shows the resulting interferometric uncertainty. The additional radio antennas further push the sensitivity of both telescope systems. With M = 132 sensing elements, it is possible to increase the number of sources to D s = 1876 (50 pixels). The interferometric reconstruction algorithm then provides a higher spatial resolution on the all-sky images, which is demonstrated in Fig. 14. Analyzing Fig. 15 in comparison to Fig. 13 , it can be seen that the interferometric uncertainty increases with the spatial imaging resolution. However, the algorithm using the measurements from M = 138 binary antennas and D s = 1876 sources provides a higher spatial resolution at a lower interferometric uncertainty than the imaging algorithm estimating D s = 441 power levels from the radio data of M = 46 antennas with 64-bit A/D resolution. Note that the binary architecture with M = 138 array elements processes a radio data volume which is more than 21 times smaller than the 64-bit radio measurements from M = 46 sensors.
V. CONCLUSION
We have proposed a progressive all-digital radio telescope architecture based on probabilistic binary sensing and statistical data processing. The resource-efficient signal acquisition and the small resulting data volume of The Massive Binary Radio Lenses allow using significantly more distributed radio sensors which increases the sensitivity of astronomical surveys and their spatial resolution. The fundamental principles of the envisioned system have been explained, and the basic building blocks defined. We have delivered an overview of the scientific, technical, and institutional advantages. To provide a first convincing proof of concept on the technology vision of massive binary radio telescope systems, we have performed hardware-aware probabilistic modeling of sensor outputs in an exemplary binary radio telescope system and derived a consistent interferometric image reconstruction method along the principle of maximum-likelihood. Further, we have provided an analytical measure for the interferometric performance achieved with the presented method in binary radio telescope systems. Visual comparison of all-sky images obtained with large-scale array measurements from LOFAR and the provided interferometric uncertainty analysis demonstrate that massive binary sensing has the potential to form one of the key technologies for future all-digital radio telescope systems.
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